Application of an image analysis system to the quantitation of tumor perfusion and vascularity in human glioma xenografts by Rijken, P.F.J.W. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/21000
 
 
 
Please be advised that this information was generated on 2017-12-05 and may be subject to
change.
MICROVASCULAR RESEARCH 50, 141-153 (1995)
Application of an Image Analysis System to the Quantitation 
of Tumor Perfusion and Vascularity in Human 
Glioma Xenografts
P a u l  F. J. W. R i jk e n ,  H a n s  J. J. A . B e r n s e n ,  a n d  A l b e r t  J. v a n  d e r  K o g e l
Institute of Radiotherapy, University o f  Nijmegen, P.O. Box 9101, 6500 HB Nijmegen, The Netherlands
Received September 26, 1994
A semiautomatic method based on a computerized digital image analysis system was developed 
to quantitate the perfused fraction of blood vessels and the relative vascular area in cross-sections 
of human glioma xenografts, implanted subcutaneously in athymic mice or intracerebrally in 
nude rats. The fluorescent dye Hoechst 33342 was injected intravenously to detect perfused tumor 
vessels. An immunofluorescent staining of Collagen type IV visualized the vascular structures in 
the same tumor section. Whole tumor sections were automatically scanned twice on a computer- 
controlled motorized stage of a fluorescence microscope under two different settings of the image 
analysis system. At the beginning of a scanning session an interactive routine was used to 
determine the threshold value for segmentation of vascular structures from the darker background.
After the first scan a composite image was created, from the individually processed microscopic 
images, containing the detected vascular structures. The second scan yielded another composite 
image with objects representing the perfused areas. When both composite images were combined 
the overlapping structures showed the perfused vessels. Differences in perfused fractions and 
relative vascular areas were found between different tumors. The reproducibility of this analysis 
system was tested and evaluated. The method developed here provides a fast and accurate 
technique for simultaneous quantitative analysis of tumor perfusion and vasculature. © 1995
Academic Press, Inc.
INTRODUCTION
Tumor growth and the occurrence of metastasis require the formation of a new 
blood vessel network, a process called angiogenesis. The result of this process is a 
chaotically organized tumor vasculature. The tumor blood supply is found to be rather 
insufficient and spatially and temporarily heterogeneous (Vaupel et al., 1987). These 
inadequacies of the tumor vessel network are considered to negatively influence tumor 
response during cancer treatment. In addition, prevention of the expansion of the 
vascular network can also be a strategy for anticancer therapy. Therefore it is necessary 
to get a more detailed understanding of the morphology and perfusion status of tumor 
vessels. Many quantitative studies have already been done 011 tumor vessel morphol­
ogy; a review is given by Jain (1988). Tumor blood flow has been studied in different 
ways using, e.g., radioactive blood flow markers (Honess et a l , 1993; Lyng et a l,  
1992), NMR-techniques (Kitteck et eil, 1994; Thomas et a l ,  1993), and fluorescent 
perfusion markers (Olive et a l,  1985; Reinhold and Visser, 1983). However, in these 
blood flow studies only the perfused part of the vessel network is analyzed. No
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information is obtained about tumor histology or vessel morphology. For a further 
understanding of tumor biological behavior and tumor response to different forms of 
therapies the assessment of both morphological and physiological aspects of the vascu­
lar system is required. Tozer et a l  (1990) studied the relationship between regional 
blood flow variations, using quantitative autoradiography, and tumor histology by 
projecting images of histological sections and those of computed blood flow in a 
quantitative way.
In the present paper both tumor vascular morphology and tumor blood perfusion 
were studied simultaneously at the same location, using a quantitative measuring 
system by combining a vessel and a perfusion marker. The aim was to develop a 
standardized semiautomatic method based on a computerized digital image analysis 
system to reveal the vascular patterns in cross-sections of tumors and to quantitate 
the perfused fraction of the vascular bed and the relative vascular area in the same 
cross-sections. The fluorescent dye Hoechst 33342, a stable marker for quantitative 
perfusion studies in vivo (Smith et al., 1988), combined with an immunofluorescent 
staining of the basal lamina component of vessels (Collagen type IV; Barsky et a i , 
1983; Birembaut et al., 1985; Wetzels et a i,  1989) were used to visualize perfused 
vessels and total vascular bed, respectively. Measurements were done on human glioma 
xenografts, which show a high degree of vascularization.
MATERIALS AND METHODS
Tumors and Immunohistochemical Staining
Out of a larger group of different primary human glioma lines (glioblastoma multi­
forme), which were passaged 5 -1 0  times subcutaneously in athymic mice (Balb/c nu/ 
nu mouse), three tumor lines were investigated in this study. The term tumor line was 
used to indicate the collection of tumors derived from the same primary human tumor. 
Two tumor lines were implanted subcutaneously in athymic mice (E98, El 20), and 
one tumor line was implanted both subcutaneously and intracerebrally (El 10). The 
number of tumors studied per tumor line varied from 4  to 11. Tumor weight ranged 
from 0.06 to 0.47 g. The experimental procedures were approved by the local ethical 
committee for animal use.
Perfusion in the tumors was determined by injecting the animal intravenously via 
one of the lateral tail veins with a 0.05-ml solution of phosphate-buffered saline (PBS; 
pH = 7.4) containing 15 mg/kg Hoechst 33342 (Sigma chemical company, St. Louis, 
MO). Nuclei of endothelial cells and cells adjacent to these tumor blood vessels, 
which were perfused at the moment of injection, were stained with Hoechst, thus 
delineating the perfused tumor vasculature. One minute after Hoechst injection the 
mice were killed and the tumors were removed quickly and frozen and stored in liquid 
nitrogen preventing the dye from diffusing too far into the tissue.
From each tumor 12 frozen sections (5 ¡am) were analyzed. After air-drying the 
sections were fixed in acetone for 3 min and washed in PBS for 10 min. Sections 
were subsequently processed at room temperature by a 45-min incubation with an 
Collagen type IV polyclonal antibody (rabbit serum, Euro-Diagnostics BV, Oss, The 
Netherlands), a marker for the basal lamina of the vasculature. This antibody was 
diluted 1:10 in 1% bovine albumin solution of 0.9% NaCl (Organon Technika, Boxtel, 
The Netherlands). Next these sections were washed for 10 min in PBS followed by
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a 30-min incubation with the Trite-labeled second antibody (goat anti-rabbit im muno­
globulin, Tago Inc., Burlingame, CA; dilution 1:50 in 1% bovine albumin solution of 
0.9% NaCl). After washing in PBS sections were mounted in fluorstab (Organon, 
Boxtel, The Netherlands) and covered with a coverslip. In the same section both the 
perfused areas as well as all vascular structures were visualized with an epifluorescence 
microscope (Axioskop, Zeiss; 100 Watt short arc mercury lamp) using different filters. 
A 510- to 560-nm excitation and 590-nm emission filter showed the antigen Collagen 
type IV (vascular structures) and a filter with excitation at 365 nm and emission at 
420 nm visualized the dye Hoechst 33342 (perfused areas).
In this paper any structure of capillaries, arterioles, and venules in a tumor tissue 
section stained by Collagen type IV antibody is described as a vascular structure.
Recording the Fluorescence Signals
Immediately after the staining procedure whole tumor sections were analyzed in 
the fluorescence microscope using a digital image processing system. A custom 
program was created to automate all the operations needed for scanning the micro­
scope slides and analyzing tumor sections. The fluorescence signals were recorded 
by a high resolution intensified solid state video camera (MXRi, HCS, The N ether­
lands) which was attached to the microscope converting images to a video signal. 
The video signal was digitized by a real-time video processing card (PixelPipeline, 
Percepiics Corporation, Knoxville, TN) at 30 frames/sec to images o f  752 X 504 
pixels with 256 grey levels (0 is black and 255 is white) on a Macintosh Ilfx 
computer (20 Mb RAM). Images were processed and analyzed using the digital 
imaging application TCL-Image (TNO, Delft, The Netherlands). Each image was 
recorded by averaging 10 successive digitized images to minimize electronic noise 
introduced by the video camera.
Scanning Tumor Sections and Image Processing
In order to move a tissue section automatically a motorized scanning stage (EK 
32, Märzhäuser, Wetzlar, Germany), coupled to a stage controller (MAC-4000/3, 
Märzhäuser, Wetzlar, Germany), was interfaced with the computer through a RS-232 
cable connection. Stage commands to the controller were given by the image pro­
cessing software. The program structure is visualized in a flowchart in Fig. 1.
The program started by initializing and calibrating the automated scanning stage. 
An image with vascular structures in a representative region of the tumor section was 
recorded and reduced 50% (376 X 252 pixels) to increase the processing rate in the 
next steps with acceptable object-resolution (objective lOX; field size 1.22 m m 2). The 
brightness of vascular structures showed a gradient from the periphery of images to 
the center. This shading effect was corrected by filtering each image by a nonlinear 
local minimum filter followed by a local maximum filter (filter window size: 27 X 
27 pixels); the resulting image, representing the background of the image, was sub­
tracted from the originally recorded image. At this stage, all the vascular structures 
in the image could be isolated appropriately by the interactive threshold operation in 
the following step. This resulted in a binary image with black and white pixels 
representing the background and the vascular structures, respectively. The determined 
threshold, which varied from a grey value of 80 to 90, was recorded by the image 
analysis system and used for automated image thresholding during the subsequent 
scans of tumor sections.
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initialization & calibration scanning stage
Threshold setting for segmentating vascular structures
First scan:
composite image with vascular structures
changing filter set
Second scan: 
composite image with perfused structures
^Combining both images:
Analysis of perfused fraction 
and relative vascular area
V_______________
Fig. 1. Flowchart of program structure for semiautomated quantitative analysis of perfused fraction and 
relative vascular area in tumor sections.
After determining the starting point of a scan by moving the stage with a joystick 
and adjusting the plane of focus manually each slide was scanned twice using the 
two different filters. In the first scan only the vascular structures were detected, in the 
second scan perfused tumor areas were detected. A scan consisted of a field-by-field 
movement of the scanning stage based on a selectable meander pattern (4 X 4, 5 X 
5, 6 X 6, or 8 X 8 fields), depending on the tumor size (objective lOX; field size is 
1.22 mm2). In each field the microscopic image was recorded and processed; during 
the image processing the stage moved to the next field.
During the first scan the processing operations of each image were the same as 
described in the procedure for determining the threshold value of vascular structures. 
Briefly, a 50% reduction of the recorded image was followed by a shading correction. 
The resulting image was thresholded using the earlier recorded value. In this binary 
image the smallest vascular structures consisted of a minimum of 4 pixels. Objects 
smaller than 4 pixels were eliminated by an operation which deletes objects with size 
(pixels) less than an arbitrary value (here value 4). After a 50% reduction (188 X 126 
pixels) the resulting image was copied into a window of a large image representing 
the size of the scanned slide area. The position of this window corresponded with the 
position of the microscopic field in the scanned slide (Fig. 2). Now the image of the 
next microscopic field was recorded and processed as described before. Processing 
all fields of the scan resulted in a composite image with the vascular structures
(Fig. 3A).
After the stage had moved to the scanning starting point and the right filter 
combination had been adjusted, a second scanning procedure was started to detect the 
perfused tissue areas stained by Hoechst. Here each image recording was followed by 
a reduction to 25%, resulting in an image of 188 X 126 pixels, increasing the
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Tumor Section
image processing (see text)
Composite image
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Fig. 2. Scheme of computer-controlled scanning procedure of a tumor section and the reconstruction of 
the composite image from the individual processed microscopic images with detected structures; arrows 
show the direction of the subsequent steps during a scan.
processing rate in the following steps, After correcting the shading in the im age 
(procedure described earlier; filter window size, 11 X 11 pixels), the Hoechst-stained 
structures were segmented from the background using a fixed threshold value o f  21. 
A binary closing operation (two times) connected small neighboring H oechst-stained 
structures, belonging to the same perfused area. Single-pixel objects, mainly artifacts 
on the slide, were removed. Finally the resulting image was copied into a w indow  
of a new large image representing the size of the scanned slide area (see also  Fig. 
2). The position of this window corresponded with the position of the microscopic 
field in the scanned slide. After scanning the whole tumor section, a composite 
image was obtained with the perfused tissue areas o f  a tumor section (Fig. 3B).
The tumor area was determined by drawing a contour line in the composite image 
with the vascular structures connecting the outer vascular structures belonging to the 
tumor. This area was used as a mask in further image analysis excluding nontumor 
tissue from the analysis. In sections of intracerebrally implanted tumors with normal 
brain tissue surrounding the tumor, Hoechst distribution was restricted to the tumor 
(absence of a barrier to Hoechst dye), so the contour line of the tumor area was clearly 
visible. The composite images from both scans and the image with the tumor area 
were stored on the hard disk of the computer.
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Analysis o f Perfusion and Vascularity in Tumor Sections
Tum or perfusion was quantitated by combining the two composite images with the 
vascular structures and the perfused areas, respectively, using the logical “ AND” 
operation: when corresponding pixels both have value 1 (white) the corresponding 
pixel in the resulting image is 1, otherwise this pixel will have value 0. In the resulting 
image white structures represent those vascular structures which were perfused by 
Hoechst (Fig. 3C). Figure 3 shows an example of composite images during this 
processing. In order to get a measure for perfusion in a tumor section the perfused 
fraction was calculated as the total area (pixels) of perfused vascular structures (calcu­
lated from image C) divided by the total area (pixels) of all vascular structures within 
a tumor section (Fig. 3A) and was expressed as a percentage. In the same section the 
relative vascular area (total area of all vascular structures divided by the tumor area) 
was calculated as a measure of vascular density (Fig. 3A).
By doing repeated analyses (three times) of randomly selected tumor sections the 
reproducibility of this method was examined. To establish the variation in measure­
ments between different analysis sessions introduced by the manual threshold settings 
first a tumor section was scanned and analyzed, without changing the threshold value 
(grey value =  85), while using the same tumor area as a mask. Then this session was 
repeated twice with a threshold grey value of 80 and 90, representing the experimental 
range of threshold values. To study the reproducibility of the interactive drawing 
routine for determining the tumor area repeated analyses (three times) were performed 
on a set of previously recorded composite images of four randomly selected tumor 
sections.
Per tumor the mean values of the perfused fraction and the relative vascular area 
of the 12 sections were calculated and used in further analysis. Differences in perfused 
fractions and relative vascular areas between tumors were tested using the analysis 
of covariance controlling for tumor size. A significance level of P -  0.05 was used.
RESULTS
The digital image analysis system was able to detect the vasculature and the perfused 
vessels in tumor cross-sections. Vascular structures in a tumor cross-section were 
stained by the immunofluorescence-labeled collagen type IV antibody. The strong 
signal from these structures and the much lower signal from the surrounding tissue 
made it possible to segment the vasculature from the background by the image analysis 
system. At the low resolution in the microscopic images (10X objective) the luminae 
of small vascular structures were also “ stained,” in consequence of divergence of 
the fluorescence signal. Sometimes a few small objects stained by collagen type IV 
antibody representing nonvascular structures were not eliminated by the several image 
processing operations described above. These structures did not exceed the size of 
the vascular structures. Tissue areas stained by Hoechst were clearly distinguishable 
from the rest of the tumor tissue. Because of the short period of time between injection 
of Hoechst and the death of the animal, diffusion of Hoechst was restricted to a small 
area around the perfused vessels decreasing the chance that adjacent nonperfused 
vascular structures were stained by Hoechst. After combining the composite image 
with the vascular structures (Fig. 3A) and the one with the perfused tissue areas (Fig, 
3B) in a new image (Fig. 3C), it was possible to calculate the perfused fraction of 
vessels. A shift between the subsequently scanned images was not observed.
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Fig. 3. Illustration of the combination of composite images, obtained after scanning tumor sections of 
human glioma xenografts using a semiautomated image analysis system, with the aim to analyze perfused 
fraction and vasculature in the same tumor section. Image A shows a composite image with vascular 
structures, which was obtained after the first scan; image B shows a composite image with perfused areas, 
obtained after the second scan. When both composite images were combined, the structures present in both 
of the two images represent the vascular structures which were perfused (shown by image C).
The performance of the semiautomatic method to quantitate tumor vasculature and 
tumor perfusion is illustrated in Fig. 4. Subcutaneously implanted tumors (El 10) 
had a significantly higher perfused fraction than the intracerebraily implanted tumors 
(analysis of covariance, P =  0.01). The perfused fractions were in the range of 0.2 
to 0.8. Values of relative vascular areas, varying between 0.02 and 0.2, were signifi-
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Perlused Fraction Relative Vascular Area
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Fig. 4. Perfused fraction and relative vascular area in a tumor line (El 10) implanted subcutaneously in 
athymic mice and intracerebrally in nude rats; single measurements (open circles), mean (horizontal line), 
standard deviation (box).
cantly higher in the subcutaneous tumors than in the intracerebral tumors (analysis of 
co variance, P  =  0.002) (Fig. 4). Similar results were also found in other tumor lines 
(Bernsen et a l ,  1995). Between different tumor groups with the same implantation 
site the perfused fraction and the relative vascular area could differ significantly (Fig. 
5). The subcutaneously implanted tumor group E120 showed a lower perfused fraction 
than E98, but the relative vascular area was higher.
In addition, the reproducibility of this digital image analysis system was tested. 
When four different tumor sections were repeatedly scanned and analyzed with equal 
settings (illumination, threshold value), the values of the perfused fraction and the 
relative vascular area showed small variations. The standard deviation expressed as 
a percentage of the mean (coefficient of variation = cv) varied between 0.08% and 
1.74% for both parameters (Table 1). CV values up to 10% were acceptable. To 
examine the influence of only the interactive drawing routine of the tumor area on 
these parameters, four pairs of composite images, stored on disk, were analyzed again, 
while repeatedly drawing the tumor area (cv was 0.29 to 0.94%). A small change of 
the perfused fraction (cv: 0.01 to 0.06%) and the relative vascular area (cv: 0.24 to
1
.8
.6
.4
.2
0
Perfused Fraction
E98 E120
.2
.16
.12
.08
.04
0
Relative Vascular Area
E98 E120
F ig . 5. Perfused fraction and relative vascular area in two different tumor lines (E98 and E120) implanted 
subcutaneously in athymic mice; single measurements (open circles), mean (horizontal line), standard 
deviation (box).
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TABLE 1
Reproducibility Test of a Semiautomatic Image Analysis System for Analyzing the Perfused Fraction and 
the Relative Vascular Area in Human Glioma Xenografts: Four Different Tumor Sections Were Repeatedly 
Analyzed (three times)
Tumor
Perfused fraction Relative vascular area
Mean cv (%) Mean cv (%)
1 0.76 0.37 0.048 0.60
2 0.73 0.13 0.056 1.74
3 0,79 0.08 0.040 0.11
4 0.78 0.21 0.042 0.94
Note. The mean and the standard deviation expressed as a percentage of the mean (coefficient of variation 
= cv °/o) are shown.
0.77%) was observed (Table 2). Therefore, variations in drawing of tumor areas did 
not have a major effect on the results.
Comparing the results between different sets of repeated measurements using a 
different threshold value, it appeared that a change of plus or minus 5 points (relative 
change of 5.9%) from the threshold value of 85 caused a low variation in the perfused 
fraction (cv 1.7%) and a variation in the relative vascular area that was a little higher 
(cv 8.2%; Table 3).
The semiautomatic method took approximately 5 min to scan and analyze a tumor 
section of 4 X 4 fields. Scanning and analyzing the largest tumor section ( 8 X 8  
fields) took approximately 20 min. The minimum size of a section was 3 mm2, while 
the maximum size was 26 mm2.
DISCUSSION
The semiautomatic method described in this paper, allowing simultaneous quantita­
tion of tumor perfusion and vasculature, successfully detected differences in perfused 
fractions or relative vascular areas between different glioma-transplants derived from
TABLE 2
Variations in the Perfused Fraction and the Relative Vascular Area Due to Variation in Tumor Areas: 
Previously Recorded Composite images of Four Different Tumor Sections Were Repeatedly Analyzed with 
Repeatedly Drawn Tumor Areas
Tumor
Perfused fraction Relative vascular area Tumor area
Mean cv (%) Mean cv (%) Mean cv (%)
1 0.79 0.01 0.071 0.42 10.76 0.76
2 0,67 0.02 0.14 0.24 14.38 0.29
3 0.73 0.05 0.20 0.74 1.66 0.77
4 0.74 0.06 0,17 0.77 2.87 0.94
Noie. The mean and the standard deviation expressed as a percentage of the mean (coefficient of variation 
= cv °/o) are shown.
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TABLE 3
Effect of Variations in Manual Threshold Settings on the Perfused Fraction and the Relative Vascular 
Area: The Same Tumor Section Was Repeatedly Analyzed with Different Threshold Values
Analysis
Perfused
fraction
Relative vascular 
area
Threshold
value
1 0.76 0.049 80
2 0.76 0.048 85
3 0.78 0.042 90
Mean 0.77 0.046
cv (%) 1.7 8.2
Note. The mean and the standard deviation expressed as a percentage of the mean (coefficient of variation 
-  cv %) are shown.
different patients. An effect of the implantation site on tumor perfusion and vasculature 
was demonstrated in a quantitative way (Fig. 4). Variations in these parameters be­
tween tumors originating from different primary human gliomas could also be observed 
(Fig. 5). These results indicate that beside host tissue, other factors determine tumor 
vasculature and tumor perfusion.
Although a lower perfused fraction seemed to correlate with a higher relative vascu­
lar area in two tumor lines (E98 and E120; Fig. 5), a separate more extensive study 
in our laboratory where several tumor lines were analyzed using the method presented 
in this paper showed no correlation between these two parameters (Bernsen et a i , 
1995). It was found that higher relative vascular areas were a consequence of more 
and larger vascular structures within the same tumor area. Morphological differences 
between perfused and nonfunctional vessels in the analyzed tumor sections were not 
seen with the marker for collagen type IV. Therefore, our results do not indicate that 
vessels collapse or vessel occlusion had occurred, which would reduce blood perfusion. 
Variations in tumor perfusion were most likely the consequence of variations in 
numbers of perfused vessels: with an increase of the number of perfused vessels a 
higher perfusion fraction was obtained.
The success of this method was based on the possibility to combine a perfusion 
marker with a staining of the vascular wall in the same tumor section. The strong 
signal from the fluorescently stained vascular structures, and the uniform staining of 
these structures in all sections, made it possible to automate the image processing 
routines to detect them. As under these experimental conditions the grey values in 
the digitized images belonging to the vascular structures were much higher than the 
grey values of the background, the threshold value for segmentation of the vascular 
structures could be determined very clearly during the interactive threshold operation. 
W hen the difference between the signal intensities of the vascular structures and those 
of the background was less in different tumor sections, a clear segmentation was still 
possible. In this situation the interactive threshold operation proved to be a suitable 
tool. As long as the determined threshold value was in a small range (maximal change 
of 6%) the effect of this variation on the perfused fractions and the relative vascular 
areas was negligible. So, the comparison of the perfused fractions and the relative 
vascular areas determined in different tumor sections with slightly different staining 
results was justified. The reliability of this semiautomatic analysis system was also 
illustrated by the small variation of the measured parameters (coefficient o f  variation
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ss 8.2%) found after repeated analyses of the same tumor section or the stored compos­
ite images with repeatedly drawn tumor areas. Variations in size of these tumor areas 
did not have an effect on these results.
False-positive errors, due to identification of small debris as a vascular structure, 
did not influence the results of the measured parameters. Because the maximal time 
needed to scan a tumor section did not exceed 20 min, all sections were analyzed 
within a few hours after sectioning the frozen material. Although Hoechst will continue 
to diffuse slowly into the tissue, during this period of time Hoechst staining was 
restricted to a small area around the perfused vessels. The perfused fraction o f a tumor 
section was calculated by measuring the area of the perfused part of vascular structures. 
Since the same vascular structure can have perfused and nonperfused branches this 
method is preferred to counting numbers of (partly) perfused structures, which would 
overestimate the perfusion status of a tumor. In most morphological studies vascularity 
is quantitated by measuring microvessel density, i.e., the number of vessels per unit 
area (Gasparini et a l,  1994; Kohno et al., 1993; Protopapa et al., 1993; Visscher et 
ai, 1993). Combining perfusion measurements and vascular morphology in the present 
study, the relative vascular area, as a measure of “ vascular density,”  reflects the 
angiogenetic capacity in a better way than vascular counts per unit area would do. It 
is important to realize that in this method not only the walls, but (in many vascular 
structures) also the luminae of vessels were detected and taken to quantitate perfusion 
and vasculature. Therefore, avoiding interactive correction of vessel fragmentation 
and/or filling all vessel lumina, this staining method provided a basis for a standardized 
automated measuring routine.
While in previous studies tumor blood perfusion was investigated using only perfu­
sion markers (Trotter et al., 1989; Vituloas et a l, 1993), in this study a combination of 
both a perfusion marker and a vascular marker was used. This allowed a computerized 
quantitation of the perfused fraction of the total vascular bed in tissue sections. Using 
this analysis system a more extensive quantitative study on the degree of tumor 
vascularization and perfusion status between several different groups o f  human glio­
mas is published separately by Bernsen et a l  (1995).
The automated computer-controlled analysis of whole sections in different tumor 
locations gave a more complete picture of the perfusion status of a tumor than individ­
ual fields would do: the spatial distribution of functional and nonfunctional tumor 
vessels was made visible in one image. The use of this scanning technique also avoided 
the subjective selection of individual fields to measure vascular parameters (Fenton 
and Way, 1993; Levitman et a i,  1990; Folberg et a i , 1992; Visscher et al., 1993) or 
to demonstrate vascular architecture (Montironi et al,, 1993). Moreover, vascular and 
perfusion parameters from these images can be compared to noninvasi ve 3lP-MRS 
and MRI studies of the bioenergetic status and the tumor blood perfusion. When the 
same tumors were analyzed with both MRS or MRÏ methods and the image analysis 
system described in this paper, correlations were found between the energy status and 
blood flow and the vascular morphology (intervascular distance) and perfusion status 
in the same tumor regions (unpublished data).
Another advantage of the computerized analysis system described in this paper is 
that it allows the use and detection of more than two fluorescent markers in the same 
tissue section. Composite images of the scanned sections can be obtained for each 
fluorophore. When, for example, additional markers for visualization of hypoxic and 
necrotic tissue are used in the same tumor sections, with this approach geographic
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differences in tumor necrosis or hypoxia staftis versus tumor vasculature and perfusion 
can be visualized and analyzed quantitatively. Using fluorescent S-phase markers in 
combination with the vascular and perfusion markers, tissue cell kinetics in relation 
to tumor vasculature and perfusion status can be analyzed quantitatively with this 
analysis system. A study on this has already been started in our laboratory with 
promising results.
In conclusion, a fast and accurate method has been developed to quantitate tumor 
vasculature and tumor perfusion simultaneously, facilitating the analysis of large num­
bers of specimens. It can provide a basis for quantitative studies not only on effects 
o f  antiangiogenic therapies but also on the perfusion status of tumors preceding and 
during different forms of therapy. Moreover, this method increases the options to 
study vasculature and perfusion simultaneously in other tissue as well, giving the 
possibility for multiparameter analysis in the same tissue sections.
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